Cancer-related morbidity and mortality are clinically signifi cant. More than 1 million new cancer cases and more than 500 000 cancer-related deaths are estimated to have occurred in the United States in 2007 ( 1 ). As the population of the United States ages, the incidence of cancer is expected to increase. Current recommendations for cancer prevention include maintaining a healthy lifestyle with good nutrition and moderate exercise and avoiding carcinogens such as tobacco. Recent laboratory and clinical data raise the possibility that cholesterol-lowering drugs, in particular 3-hydroxy-3-methyl-glutaryl-CoA reductase inhibitors or statins, could play a role in cancer prevention.
observational studies ( 13 -17 ) have not. Differences in the results of these studies may, however, be secondary to differences in study methodologies and study populations. Some of these observational studies ( 9 , 11 ) compared statin users with the general population without accounting for the healthy user effect ( 18 ) . A few observational studies ( 8 , 11 , 14 -16 ) considered statin dose or duration in their analyses. In this analysis, we used the national Veterans Affairs (VA) administrative and clinical databases along with the VA New England Veterans Integrated Service Network-1 (VISN-1) pharmacoepidemiology database ( 19 , 20 ) to investigate the relationship between statins use and cancer incidence, excluding nonmelanoma skin cancer.
Participants and Methods

Data Source and Definition of Outcome
We assembled a retrospective cohort of patients aged 18 years or older in the VA VISN-1 health-care system between January 1, 1997, and December 31, 2005 , by use of VA national and regional patient care, health-care utilization, and claims databases. We excluded all patients with a cancer diagnosis defined by International Classification of Diseases, Ninth Revision, Clinical Modification ( ICD-9-CM ) codes 140.XX -208.XX on the cohort entry date. We defined the cohort entry date as the first recorded date that a prescription was filled for the medication of interest. An observation period for each patient was defined as beginning 2 years after his or her entry date and continuing until the first occurrence of the first appearance of an ICD-9-CM cancer code in the patient's medical record, 1 year after the last date that a prescription was filled for a medication of interest, death, or the end of the analysis period (ie, December 31, 2005) . To diminish any potential effects of latent cancer on our predictor variables, we excluded patients who were diagnosed with cancer within 2 years after their potential entry date. Because long-term exposure would likely be required for any medication to reduce cancer incidence, we also excluded patients who discontinued their medication of interest within 2 years after their potential entry date. We performed sensitivity analyses that included patients who developed cancer and/or discontinued their medication of interest within 2 years.
The primary outcome for our analysis was cancer incidence, excluding nonmelanoma skin cancer. Cancer incidence was defi ned by a new ICD-9-CM code for cancer ( ICD-9-CM code range = 140. XX -208.XX) in the VA electronic medical record of a participant during an inpatient or outpatient encounter. To validate the diagnosis, a physician blinded to medication use reviewed 300 random charts with a new ICD-9-CM code for cancer from patients who were included in our analyses. A diagnosis of cancer was considered to be confi rmed if the date of a new ICD-9-CM code for cancer matched a clinical or pathologic notation of a new cancer in the electronic medical record. Of these new cancers, 69% were confi rmed with available medical data by chart review. No statistically signifi cant difference was found in the confi rmation rate between statin users (66%) and nonusers (69%) for cancer incidence. Confi rmation rates varied by type of cancer reviewed. Some cancers had higher rates of confi rmation, such as lung cancer, with a confi rmation rate of 83%; other cancers had lower rates, such as melanoma with a rate of 62%. The difference in confi rmation rates for each sample group was not statistically signifi cant for any specifi c cancer.
Predictor Variables
Patients were selected among active users of the VA VISN-1 health-care system who filled at least two prescriptions (generally for a 90-day prescription) for any antihypertensive medication or statin within 1 year, continued filling prescriptions for an identified medication of interest at least yearly, and were seen at least one time per year in an outpatient VA clinic. The referent group was defined as patients who never filled a prescription for any cholesterol-lowering medication but did fill at least one prescription from the following classes of antihypertensive medications: beta-blockers, angiotensin-converting enzyme inhibitors, angiotensin receptor blockers, calcium channel blockers, alpha-blockers, loop diuretics, thiazide diuretics, or centrally active antihypertensive medications. Statin users were defined as patients who filled prescriptions for any of the following medications: atorvastatin, fluvastatin, lovastatin, pravastatin, or simvastatin. Statin users may have been prescribed antihypertensive therapies in addition to their cholesterol-lowering therapy.
CONTEXT AND CAVEATS
Prior knowledge
In meta-analyses of trials of statins for cardiovascular disease prevention, statins failed to show any statistically significant cancer prevention activity. However, these trials included relatively young participants, who develop few cancers, and their follow-up periods may have been too short to detect an association between statin use and cancer incidence.
Study design
Retrospective cohort study of veterans using statin and veterans using antihypertensive medications (but not statins) who were enrolled in the Veterans Affairs health-care system. Information on the statins prescribed was available, and statin doses were converted to equivalent simvastatin doses.
Contribution
The absolute incidence of total cancer was 9.4% among statin users and 13.2% among nonusers. Statin users had a statistically significantly lower risk of total cancer than nonusers, after adjustment for age and multiple potential confounders. In a multivariable analysis, decreased risk of all cancers was statistically significantly associated with increasing statin doses.
Implications
Statin users may be at a lower risk for developing cancer. Additional observational and randomized studies investigating the relationship between statin use and the development of cancer are warranted. 24 for sigmoidoscopy defi ned colorectal endoscopy and were selected as markers of screening, not as methods of diagnosis. We extracted information from the electronic medical record on sex (male or female), history of smoking (yes, no, or unknown), age (in years), and weight (in pounds) at entry into the observation period. We identifi ed measured serum values for total cholesterol, low-density lipoprotein cholesterol, and high-density lipoprotein cholesterol within 6 months of each patient's entry date for the cohort.
Limitations
Statistical Analysis
Characteristics of each group at the beginning of the observation period were compared by use of t tests for continuous variables and chi-square tests for categorical variables. We constructed age-and multivariable-adjusted Cox proportional hazards models for total cancer incidence and the incidence of each of the five most frequently diagnosed cancers in our cohort to calculate the hazard ratio (HR) and 95% confidence interval (CI) for risk in statin users compared with nonusers. Formal tests were conducted to confirm the assumption of proportionality, which was found to hold. Multivariable models included several available historic and statistically significant confounders, including age, weight, thyroid disease, diabetes mellitus, hypertension, cardiovascular disease, renal failure, chest pain, aspirin use, mental illness, alcoholism, lung disease, gastrointestinal disease, prostate disease, history of colonoscopy or sigmoidoscopy, smoking history, and total cholesterol. We also calculated a propensity score of being prescribed a statin ( 21 , 22 ) . We constructed models that included the propensity score for our entire cohort; the population between the 5th and 95th percentile of propensity score; and the population within quartiles of propensity score (defined as <0.506, 0.506 -0.580, 0.581 -0.705, and >0.705).
To further investigate the relationship between statin dose and cancer incidence, we defi ned patient groups by tertiles of equivalent simvastatin doses ( ≤ 10, 11 -39, and ≥ 40 mg), as previously described ( 19 ) . Briefl y, equivalent simvastatin doses were calculated by dividing lovastatin and pravastatin doses by 2, dividing the fl uvastatin dose by 4, and multiplying the atorvastatin dose by 2. We then determined the hazard ratio and 95% confi dence interval of each tertile of equivalent simvastatin dose, compared with nonuser referent group, for total cancer incidence and each of the fi ve most frequently diagnosed cancers in our cohort. We controlled for the same comorbidities and potential confounders listed for our models described above. We calculated tests of trend across tertiles of equivalent simvastatin dose, with the median equivalent simva statin dose in each tertile as an ordinal variable. In a sensitivity analysis, we compared the hazard functions during the follow-up periods of our statin and referent groups.
All statistical tests were two-sided; P values of less than .05 were considered to be statistically signifi cant. All tests were performed with SAS, version 9.1 (Cary, NC). The study protocol was reviewed and approved by the Institutional Review Board of the VA Boston Healthcare System.
Results
We identified a cohort of 62 842 VISN-1 patients who met our entry criteria. The mean age of patients in the cohort was 66.5 ± 10.9 years (±SD), and median total follow-up time was 5.0 years (minimum = 2.0 years and maximum = 7.2 years). The proportion of each statin agent in the statin user group was 61.8% for simvastatin, 34.8% for lovastatin, 2.9% for atorvastatin, 0.3% for pravastatin, and 0.1% for fluvastatin. The mean equivalent simvastatin dose among the statin user group was 22.1 ± 19.2 mg (±SD). Several statistically significant differences between the nonuser referent group and patients using statins were identified ( Table 1 ) . Statin users were more likely than nonusers to have thyroid disease, diabetes mellitus, cardiovascular disease, or lung disease and to have been prescribed an aspirin. Statin users were less likely than the referent group to have hypertension or a history of alcohol or drug abuse. Total cholesterol was higher but high-density lipoprotein cholesterol was lower among statin users than among nonusers. During the observation period, 3381 (13.2%) of the 25 594 patients in the nonuser referent group developed cancer, compared with 3515 (9.4%) of the 37 248 patients using statins (difference = 3.8%, 95% CI = 3.3% to 4.3%, P difference < .001). Compared with the referent group, the risk of cancer incidence was 24% -26% less among patients using statins after adjusting for age only (HR = 0.76, 95% CI = 0.73 to 0.80) or for age and other potential confounders (HR = 0.74, 95% CI = 0.70 to 0.78) ( Table 2 ) . Placing a propensity score in the model, rather than each potential confounder, did not change the results (HR = 0.74, 95% CI = 0.70 to 0.78). Furthermore, results from sensitivity analyses and analyses limited to patients between the 5th and 95th percentile of the propensity score and in each quartile of propensity score did not differ markedly from the results of our multivariable model, which included all available potential confounders (data not shown). For each of the fi ve most common cancers in our cohort (prostate, lung, colorectal, and bladder cancer and melanoma), rates were generally lower among statins users than among nonusers. In particular, the age-adjusted risks for prostate (HR = 0.85, 95% CI = 0.78 to 0.93), lung (HR = 0.75, 95% CI = 0.66 to 0.86), and colorectal (HR = 0.62, 95% CI = 0.54 to 0.73) cancers were lower among statin users than nonusers ( Table 2 ) . After adjustment for multiple potential confounders or the calculated propensity score, the point estimate for each cancer remained relatively constant.
The risk of cancer incidence by tertiles of equivalent simvastatin dose from the multivariable-adjusted model is presented in Table 3 . All categories of equivalent simvastatin doses ( ≤ 10, 11 -39, and ≥ 40 mg), compared with nonuse, were statistically significantly associated with a decreased risk of cancer after controlling for age and other potential confounders ( P trend < .001). For the fi ve most frequent cancers, a dose of 40 mg or higher was associated with statistically signifi cantly decreased incidences of lung cancer (HR = 0.73, 95% CI = 0.54 to 0.97), colorectal cancer (HR = 0.59, 95% CI = 0.41 to 0.85), and melanoma (HR = 0.64, 95% CI = 0.44 to 0.94) but not of prostate or bladder cancer. The trend across dose categories was statistically signifi cant for lung ( P trend = .002) and colorectal ( P trend = .001) cancer and melanoma ( P trend = .004) but not for prostate ( P trend = .20) or bladder ( P trend = .25) cancer.
As an additional sensitivity analysis, we investigated the association between statin use and the risk of cancer incidence across periods of follow-up. Statin use was statistically signifi cantly * HR = hazard ratio; CI = confidence interval. Multivariable-adjusted models controlled for the following variables: age (in years), weight (in pounds), thyroid disease (yes or no), diabetes mellitus (yes or no), hypertension (yes or no), cardiovascular disease (yes or no), renal failure (yes or no), chest pain (yes or no), aspirin use (yes or no), mental illness (yes or no), alcoholism (yes or no), lung disease (yes or no), gastrointestinal disease (yes or no), prostate disease (yes or no), history of colonoscopy or sigmoidoscopy (yes or no), smoking history (yes, no, or unknown), and total cholesterol (mg/dL). † P trend (two-sided) was from multivariable Cox proportional hazards models. All statistical tests were two-sided. associated with lower risk of all cancers than nonuse throughout the entire follow-up period ( P trend < .001).
Discussion
Statin use appeared to be associated with a lower risk for developing cancer, especially lung and colorectal cancers, than nonuse.
A dose-response relationship may exist between statins and cancer incidence because the risk of cancer incidence appeared to decrease as the equivalent simvastatin dose increased in our cohort. Our study builds on previous observational studies. Poynter et al. ( 9 ) and Khurana et al. ( 12 ) recently reported that statin use was associated with reduced risks of colorectal and lung cancers, respectively. However, both of these studies used a case-control design and had limited information on statin dose. Using a retrospective cohort study design, we found similar crude results for the incidence of both colorectal and lung cancers. Furthermore, we were able to explore a potential dose-response relationship between statin use and the incidence of all cancers, as well as of several specifi c cancers.
Inhibition of intracellular cholesterol production may be one mechanism by which statins prevent the development of cancer. The phosphorylation of Akt, which is an important step in intracellular signaling, is regulated by caveolin-1, a protein that is regulated by cholesterol and that is the main structural protein of caveolae ( 23 , 24 ) . Elevated cholesterol increases the expression of mRNA for caveolin-1 ( 25 ) . In a cancer cell model system, addition of a statin to the medium surrounding cancer cells decreased the number of caveolae in cell membranes, whereas addition of cholesterol to the medium increased the number of caveolae ( 26 ) . Thus, both cholesterol and statins may affect caveolae expression. The level of caveolin-1 expression may be associated with the development of cancer through sustaining Akt activation ( 24 ) . Furthermore, overexpression of caveolin-1 has been associated with metastasis in some studies of lung and colon cancer ( 27 , 28 ) . However, little evidence supports an association between the reduction of cancer incidence and use of other cholesterol-lowering medications, including fi bric acid derivatives and bile acid sequestrants.
Statins may have additional antineoplastic effects that depend on their hydrophilic or lipophilic characteristics. Previous laboratory studies (29, 30 ) have shown that hydrophilic statins, such as pravastatin, do not appear to have antineoplastic effects, and several other laboratory studies ( 31 -35 ) have described mechanisms through which lipophilic statins, such as simvastatin and lovastatin, may reduce cancer incidence. Prenylation of G proteins by isoprenoid products is important for cell signaling, survival, and migration ( 31 , 32 , 36 -38 ) . For example, geranylgeraniol, an intermediate in the mevalonate pathway, was able to overcome the antiproliferative effects of lovastatin in a cell model of prostate cancer ( 33 ) . Furthermore, lipophilic statins may promote cell cycle arrest by inhibiting the proteasome, a mechanism that is independent of their effect on 3-hydroxy-3-methyl-glutaryl-CoA reductase ( 33 ) . Inhibition of the proteasome by the lactone moieties of statins and isoprenoid inhibitors has been shown to arrest cancer cells in G 1 phase of the cell cycle ( 34 , 35 ) . It is important to note that the most commonly used statins in our cohort, simvastatin and lovastatin, were lipophilic.
Our study population and design have several strengths. The large size of our cohort provided suffi cient power to investigate cancer incidence in a population free from overt cancer. Because of our large sample size, we were also able to control for several potential confounders, including age, history of cardiovascular disease, history of colonoscopy or sigmoidoscopy, smoking history, and total cholesterol for total cancer and each specifi c cancer. We had detailed pharmacy data that allowed us to investigate a potential relationship between statin dose and cancer incidence. Compared with the general population, statin users may receive more counseling regarding a healthy lifestyle, which may lead to the increased prevention of some cancers. Statin users may also receive more cancer screening than the general population and, therefore, may have higher cancer incidence than the general population. Previous observational studies have failed to account for these potential healthy user effects in their analyses ( 8 , 9 ) . Statin users may also be more compliant with drug therapy than the general population and compliance with drug therapy has been found to be a predictor of maintaining good health ( 39 ) . In our study, we compared two groups with similar compliance who likely received similar information about healthy lifestyles and cancer screening.
Some limitations of our study should be considered. Not all patients in our study were fi rst-time statin or antihypertensive medication users. However, each patient had at least 1 year of documented medication use before entering the study and 2 years of documented medication use before entering the study's observation period. In addition, patients in our cohort were examined by outpatient VA providers and fi lled their prescriptions on a regular basis. We could not verify that all new cancer diagnoses were identifi ed. However, any absence would likely be random and probably few in number because patients who receive outpatient medications through the VA system are required to have a primary care provider in the VA system for follow-up. We relied on unconfi rmed ICD-9-CM codes for diagnoses of potential confounders. However, any misclassifi cation of our confounders would likely be random misclassifi cation because the method that health care providers use to assign ICD-9-CM codes does not vary by the presence or absence of a statin or antihypertensive medication. Therefore, random misclassifi cation would bias our results toward the null. If misclassifi cation were not random, the level of confounding required to overcome the risks that we observe in our crude analyses would need to be extremely large and is therefore unlikely. We also relied on ICD-9-CM codes for our outcome. We did not fi nd statistically signifi cant differences in classifi cation rates between statin users and nonusers by chart validation. Therefore, any misclassifi cation would likely be random misclassifi cation and bias our results toward the null. We did not have information on lifestyle variables such as diet and exercise. However, it is unlikely that any difference in lifestyle variables between our two groups would be large enough to account for the statistically signifi cant fi ndings in our results. We did not have quantitative information on smoking or alcohol exposure. Because of the limited numbers of women and minorities in our veteran population, care should be taken before generalizing our results.
Our fi ndings support the hypothesis that statins may reduce the risk of cancer, in particular lung and colorectal cancers. This relationship may be affected by the dose of statin. Observational studies and randomized trials to evaluate statins as cancer preventive agents are needed to confi rm or refute these fi ndings.
